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ABSTRACT
The absorption spectra of phytoplankton are characterized by a 
continuous envelope, which is a result of the overlapping spectra of the individual 
pigments. These spectral signatures of phytoplankton are useful tools to identify the 
major light harvesting pigments characteristic for each taxonomic groups, through 
remote sensing over a variety of temporal and spatial scales. The present study 
embodies the spectral signatures of monoculture of five taxonomic groups of 
phytoplankton, in acetone extract as well as in the intact cell suspensions. These 
spectral signatures of known taxonomic groups are compared with the spectral 
signatures of phytoplankton collected from the west coast of India onboard FORV 
Sagar Sampada during January 2003. Spectral signatures of monoculture of 
phytoplankton showed striking sim ilarity within the taxonomic groups such as 
Nanochloropsis and Chlorella and considerable difference between different taxa. 
The spectral signature of phytoplankton collected along the southwest coast of India 
indicate the predominance of diatoms and green algae in southern latitudes (Wadge 
bank to Ponnani) and the Cyanophyta and Chlorophyta groups in the northern 
latitudes (beyond 12° N to 14° N). Levels of silicate also indicate the latitudinal 
difference registering 511% increase (5.36 // M /  I) in the southern latitudes. The 
spectral signature of bloom noticed off Jamnagar, Gujarat coast (21° N, 64° E) 
indicated the predominance of single species, whereas the stations eastward to the 
bloom station had complex signatures indicating the presence of diverse groups of 
phytoplankton. The quantitative information generated in this study on the basic 
hydrographical parameters, dissolved nutrients and pigments are the valuable sea 
truth data for the validation of remotely sensed data on phytoplankton distribution and 
bloom characteristics. The results of this study are useful tool for creating pigment 
libraries for identification of phytoplankton groups, detection of blooms and for 
detecting the health o f coastal ecosystem.
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INTRODUCTIQIM
1. INTRODUCTION
It has long been recognised that the colour o f the sea contains 
information on chlorophyll concentration and potential primary productivity. The 
absorption and scattering properties of phytoplankton play major role in this 
regard. Absorption of light is an important function of phytoplankton cells that 
drives photoautotrophic production in the ocean. This inherent optical property is 
also the major factor determining the reflectance signal from seawater whose 
spectral variations are used in remote sensing to estimate oceanic biomass 
(Gordan and Morel, 1983). Spectral signature of a feature comprises of a set of 
values for the reflectance or radiance where each value corresponds to the 
reflectance or radiance arranged over a different well defined wavelength interval. 
Different objects reflect in different parts of the electromagnetic region, exhibiting 
their own spectral signatures. These spectral characters, if ingeniously exploited, 
can be used to distinguish one thing from another or to  obtain information about 
shape, size and other physical and chemical properties. Recently special 
attention has been paid to the optical properties of the sea in connection with 
remote sensing o f the sea surface.
Remote sensing of ocean colour has progressed greatly since the 
path-breaking w ork o f Coastal Zone Colour Scanner (CZCS) launched by the 
NASA. It functioned as a proof-of-concept satellite until 1986. The demise of the 
CZCS left a void in the stream of ocean colour data from space. This void was not 
filled until almost a decade later, when three satellites were launched in quick 
succession carrying the following sensors: the Modular Optoelectronic Scanner 
(MOS), sponsored jo intly by Germany and India, launched in March 1996; the 
Japanese Ocean Colour and Temperature Scanner (OCTS) and French sensor 
called Polarization and Directionality of the Earth’s Reflectance’s (POLDER), both 
launched in August 1996 and operated until June 1997 and the Sea Viewing Wide 
Field-of-View Sensor (SeaWiFS), a NASA mission, launched in August 1997. 
Recently India launched IRS-P4 (ISRO) on May 26, 1999. It has got two sensors-
Ocean Colour Monitor (OCM) and Microwave Scanning Multifrequency 
Radiometer (MSMR).
Several other ocean colour sensors are planned for launch in the 
next few years. These new sensors have benefited from the CZCS experience, 
and have incorporated several spectral and radiometric improvements over the 
CZCS. If major differences in taxonomic groups can be identified by their variation 
in light absorbing properties, these new sensors will provide exciting opportunities 
to differentiate between phytoplankton populations on a global scale (Jeffrey, 
1997). To exploit the full potential of these advanced sensors, new algorithms that 
make use of the enhanced capabilities of the sensors are needed to be 
developed. It would also be desirable to provide a sound theoretical base for these 
algorithms, so that one can improve the understanding of their strengths and 
weaknesses (Sathyendranth etal., 2001).
The ocean, especially in tropical region is vastly under-sampled by 
ships. Further estimates of primary production on global scales and mapping of 
algal blooms will rely on satellite remote sensing which can assess variation in 
near-surface properties from a few to hundreds of kilometres. These satellites can 
only estimate scalar properties, thus remotely sensed variables have to be 
accompanied by knowledge of phytoplankton physiology and their light absorbing 
properties.
Pigment studies have led to a better understanding of succession in 
phytoplankton blooms in the upper water column, transformation of phytoplankton 
in the ocean interior and the physiological condition of algae (Barlow et al., 1993). 
Pigment concentrations can also be used for estimating photosynthesis (Platt et 
al., 1991) or for the role of light absorption in heating of the upper layers of oceans 
(Sathyendranath e ta i ,  1991).
The pigments present in phytoplankton include numerous groups of 
compounds with diverse physical and chemical properties. Fundamentally, plant 
pigments are divided into 3 groups; chlorophylls (a, b, Cu C2, C3), carotenoids
(carotenes and their oxygenated derivatives known as xanthophylls), and 
biliproteins (allophycocyanins, phycocyanins, phycoerythrins). Till date, over 30 
forms of chlorophylls active in the photosynthesis of organic matter and over 600 
carotenoid pigments have been found in cyanobacteria, algae and fungi.
It is established that many algal accessory pigments are 
taxonomically significant and all are spectrally unique. Since the pigments or 
optical markers of particular phytoplankton taxonomy show difference in their 
absorption spectra, their spectral signatures have been used to identify the 
species of phytoplankton. The present study is based on this approach and is 
aimed to develop spectral signatures of in situ phytoplankton populations along the 
west coast of India and to compare the same with that of the pure culture of 
phytoplankton belonging to different taxonomic groups.
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2. REVIEW OF LITERATURE
The technique of Remote Sensing has been applied for the study of 
ocean and ocean life in particular. It Is known that food chain in World’s ocean begin 
with simple unicellular microscopic plants called phytoplankton. They are 
concentrated in the upper few tens of meters of sunlit waters. Phytoplanklon have 
characteristic spectral signature of chlorophyll in the visible region. Blue and red 
wavelengths are absorbed while green wavelengths are reflected. So, essentially 
Remote Sensing platforms employ systems, which can detect pigments (especially 
chlorophyll) depending on the manner in which phytoplankton influence the colour of 
the sea.
2.1 Phytoplankton and their Pigments
Phytoplanktons are algae, microscopic plants that float in the surface 
waters of the sea, lakes and rivers. In the ocean they constitute the base of the 
marine food web. The phytoplankton comprises a variety of organisms namely 
diatoms, dinoflagellates, blue-green algae; silicoflagellates, coccolithophores etc. 
which have a size range of 0.001-0.2 mm and contributes to about 95% of the 
primary (organic) production, on which the secondary production (production of 
zooplankton) and tertiary production (production of fish, shellfish, mammals etc.) 
depends upon.
Phytoplankton absorb sunlight, required for photosynthesis, through 
pigments with 95% of the light being absorbed by chlorophyll a, b, c, photosynthetic 
carotenoids (PSCs) and photoprotectant carotenoids (PPCs) which are grouped 
together as the total pigments (Aiken e i a/., 1995). Phytoplankton pigments, 
principally chlorophyll a, are of intrinsic interest as an estimate of phytoplankton 
biomass in regional and seasonal contexts. (Platt et a/., 1991; Berthot and Morel, 
1992)
Seasonal pattern in chlorophyll a concentration is a depth dependent 
and elevated chlorophyll a in the mixed layer is the result of photo adaptation 
(Letelier et al., 1993). Vertical profiles of these pigments show distinctive features, 
which can be related to the quantity of light penetrating the water column and vertical 
mixing (Yentsch, 1965).
Sarupriya and Bhargava (1998) studied seasonal distribution of 
chlorophyll a in the different sectors of the EEZ of India and suggested the annual 
average Chlorophyll a for the entire euphotic zone of EEZ to be 12.0 mg /  m^ during 
pre-monsoon season followed by southwest monsoon (12.8 mg /  m^) and post 
monsoon (7.4 mg /  m^).
Surekha Sawant and Madhupratap (1996) studied phytoplankton 
abundance and composition from the central and eastern Arabian Sea during three 
seasons and found that the abundance of phytoplankton was quite low during the 
inter monsoon period and higher during the winter monsoon and summer. Diatoms 
form the major group (80%) of the total population when three seasons are combined 
at both coastal and open waters. N/fzscfi/a sp. was the common diatom found.
West coast of India subjected to episodic introduction of nutrients during 
the summer monsoon period (Jun-Sept) through river runoff and coastal upwelling 
resulting in phytoplankton bloom, discolouration of coast (Sreekumaran etaL, 1992). 
According to them, regular blooming of Noctiluca during or immediately after the 
onset of the monsoon occurs following increase in phytoplankton population.
2.2 Phytoplankton Pigments and Remote Sensing
The advantages of Remote Sensing over conventional methods are 
clear: Satellites sample over much greater space scales than are possible with ships 
and at frequencies which are impossible to match by any other sampling procedure. 
Synoptic sampling at high frequency is now possible over large oceanic regions 
(Joint and Groom, 2000).
Smith and Baker (1978) introduced the concept of ‘bio-optical state’ to 
represent a measure of the total effect of biological processes on the optical 
properties of natural waters that can be remotely sensed by means of spacecraft 
sensors. They reported that these bio-optical states could be usefully related to the 
concentration of chlorophyll a and primary productivity.
Pelaez and McGowan (1986) reported satellite images of phytoplankton 
pigments, off California that showed a high degree of heterogeneity. The large-scale 
structures of phytoplankton pigments show a remarkable continuity throughout a year 
and pattern of distribution for a given season tend to reappear from one year to 
another that is significant because these patterns may change and some disappear 
within any given year.
Muller et al. (1991) investigated the near surface phytoplankton and 
Sea Surface Temperature (SST) using Coastal Zone Colour Scanner (CZCS) and A 
Very High Resolution Radiometer (AVHRR) data respectively. The CZCS images 
revealed seasonal variation in pigment concentration seaward of the shelf. Collins et 
al. (1988) too examined the oceanic primary production on a global scale using 
remotely sensed data. This estimate required the measurement of surface pigments 
using CZCS, an estimate of SST using the AVHRR and determination of incident 
solar irradiance using GOES imagery.
Horstmann (1983) studied time series satellite images for ocean colour 
and found that transport processes in the surface water is of considerable importance 
for primary productivity in the Baltic, consequent to upwelling along the Baltic coast.
Andre (1992) predicted satellite estimate for oceans with various 
vertical phytoplankton pigment profiles using an optical model. Simulations made for 
a large number o f actual profiles measured in situ show that satellite, as a general 
rule, provides an estimate of truly ‘near surface’ concentration of phytoplankton 
pigments.
Barnard et aL (1997) using five years (1981-86) time series of CZCS 
chlorophyll and SST data studied spatial and temporal variability and observed that 
along the shelf the chlorophyll variability is highest in near shore and the seasonal 
changes In distribution of chlorophyll and SST are inversely correlated.
Barlow et aL (2001) used remotely sensed data to investigate the 
characteristics in the southern Bengula. Chlorophyll a concentration ranged from 0.3 
to 18.5 mg /  m ^at the surface with fucoxanthin being most abundant in the inshore 
environment. Pigment signatures for nanoflagellates and cyanobacteria tended to be 
more important than fucoxanthin at offshore localities.
Yaco et aL (1998) described the spatial and seasonal variations of 
phytoplankton pigments in the southern Gulf of St. Laurence using CZCS images and 
insitu  data collected during different periods. Both the satellite and in situ data sets 
showed sim ilar synoptic patterns in the spatial distribution of phytoplankton pigments.
Kogeler and Rey (1999) established that chlorophyll concentration in 
the surface waters of the Barents Sea is closely related to the distribution of different 
water masses in the region by field measurements and estimates based on satellite 
data (CZCS). The chlorophyll distribution patterns observed in satellite imagery were 
consistent with field observation.
Suetin et al. (2000) compared total phytoplankton pigment 
concentration (chlorophyll a and phaeopigment) based on satellite Coastal Zone 
Colour Scanner (CZCS) data with direct in situ measurements in the Black Sea and 
the study strongly indicated the requirement of consideration of vertical distribution of 
phytoplankton pigment concentration.
Garcia and Robinson (1991) compared in situ measurements of water 
quality and remotely sensed data provided by a Daedalus Airborne Thematic Mapper 
in order to generate a calibration algorithm for chlorophyll a in the Bristol Channel off 
the southern Gower coastline. Valuable information about the variability of chlorophyll
a over a tidal cycle was obtained by airborne remote sensing, demonstrating its 
feasibility for monitoring water quality parameters.
Blach e ta l. (1989) compared satellite derived pigment and surface algal 
chlorophyll for waters containing coccolithophores and dinoflagellates. Satellite- 
derived estimates of phytoplankton pigments are thought to be affected by the 
phytoplankton species composition. Satellite-derived chlorophyll concentration was 
underestimated by a factor of 2-3 in patch of the large coccolithophores, 
Umbilicosphaera sibogae and Gonyaulax polyendra.
Lavender and Groom (2001) gave a brief introduction about primarily 
using ocean colour imagery (SeaWiFS) to the use of satellite earth observation 
measurements in detecting and mapping algal blooms. Algal blooms change the 
colour of water through absorption by pigments, scattered by cells, and associated 
detrital material.
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Mahapatra et a/. (1999) analysed a series of ocean colour images from 
the Sea-Viewing-Wide field of view Sensor (SeaWiFS) and thermal imagery from 
AVHRR to study influence of frontal physical processes on the mesoscale 
phytoplankton blooming phenomena. They reported that the impact of change in 
thermal field on phytoplankton pigment distribution could be clearly noticed especially 
at the edge of warm streams.
Raine e t al. (1999) compared surface distributions of chlorophyll and 
Gyrodinium aureolum  bloom with satellite ocean colour and thermal infrared SST 
pictures to derive the origin of the blooms.
Jadhav et al. (2000) studied the spatial and temporal variations of the 
near-surface concentration of phytoplankton pigment observed by ADEOS in relation 
to SST and winds. Appreciable regional differences in levels and timing of changes 
of pigment concentration are evident, with a large bloom north of 20” in Feb. 1997. 
Pigment concentration at 20 'N , 10  ^N and equator ranged from 0.3 to 3.0, 0.01 to 0.3
and 0.01- 1.0 mg /  respectively during Oct-Jun period and between 0.01-0.3, 
0.01-0.3 and 0.01 -0.003 mg /  m^ respectively during the Feb-Mar period.
Uno and Yokota (1989) developed a remote sensing technique for the 
mapping of red tides in their early stages using phytoplankton pigments as an 
indicator. They obtained detailed distribution maps of phytoplankton pigments in near 
surface waters.
Solanki et al. (2001) analysed the SST and chlorophyll data to improve 
the understanding of circulation and distribution of phytoplankton population in water 
masses. Oceanographic features like coastal fronts, rings, jets and fringe fronts were 
delineated on OCM derived chlorophyll and NOAA AVHRR derived SST images to 
get Potential Fishing Zone (PFZ). Feed back of fishing operation indicated increase 
in catch by two or three folds in PFZ area. Similarly Garcia and Cota (1996) 
established abundance of yellow fin tuna in relation to phytoplankton pigments 
concentration using monthly composite satellite images.
Denman and Abbott (1988) analysed the sequences of Coastal Zone 
Colour Scanner (CZCS) images from the offshore region adjacent to Vancouver 
Island, Canada and estimated the rate of decorrelation of surface phytoplankton 
chlorophyll pigment patterns. They observed that this high latitude, high pigment 
areas, CZCS-derived pigment estimate were lower than those obtained from ship 
samples by about a factor of 3.
Narain et al. (1988) has made validation of Landsat Thematic Mapper 
(LTM) derived phytoplankton pigments through synchronous surface measurements 
off Calicut to Azhikal in the Arabian Sea. Landsat TM data did not show sensitivity 
towards detection of low value chlorophyll pigments because of its broad bands. 
They observed a uniform bias towards underestimation of pigments and suggested 
an appropriate modification in the pigment algorithm for LTM.
Smith and Baker (1982) gathered data concurrenliy by ships and 
satellite (CZCS) that have been compared to optimise a general chlorophyll algorithm 
and to calculate chlorophyll concentration in the southern California Bight.
Chauvan et al. (2002) used in situ chlorophyll concentration data and 
remote sensing reflectance measurements from Arabian Sea to evaluate the 
accuracy, precision and suitability of different ocean colour chlorophyll algorithm for 
the Arabian Sea. The results indicate that the 0C 2 and OC4 bio-optical algorithm are 
capable of determining quantitative estimates of surface chlorophyll a using remotely 
sensed optical data in the Arabian Sea.
2.3 Spectral Signature of Phytoplankton Pigments and Remote 
Sensing
Richards and Thompson (1952) described a spectrophotometric 
method for the estimation of chlorophyll a, b, and c  and of carotenoids in acetone 
extracts of plant and animal material. Absorbencies of some of the pigments were 
determined over the spectral range 320-700 nm. It is evident from their spectra that 
the carotenoids make no contribution to the absorbencies at 665, 645 and 630 nm. 
The carotenoid components are calculated from absorbencies at 510 and 480 nm.
Yentsch and Ryther (1959) measured absorption curves of acetone 
extracts of particulate matter from the surface and deep waters in the Sargasso Sea 
between 400-700 nm using Beckman DU spectrometer. The deepwater spectra differ 
markedly when compared with surface absorption spectra by either the reduction or 
the absence of the chlorophyll peak in the region of 665-670 nm. The absorption 
between 400 and 500 nm suggested the presence of algal corotenoids.
Yentsch (1962) measured visible light absorption by particulate matter 
in the ocean. High spectral resolution has been obtained by removing particulate 
matter from seawater using membrane filter and scanning the filter against blank in 
the Cary spectrophotom eter These curves show pigment bandings in the upper 100
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m of water characteristic of absorption by chloroplast pigments, which suggest the 
presence of absorbing connponents not generally seen in algal cultures.
Clarke et al. (1970) reported that as the phytoplankton concentration 
increases the reflectance in the blue decreases (due to the absorption of chlorophyll 
like pigments over a broad wavelength band) and reflectance in the green increases 
slightly; a ratio of blue to green water reflectance can be used to derive quantitative 
estimates of pigment concentration. In Coloured dissolved organic matter (CDOM) 
reflectance was reduced as it caused significant absorption in the ultraviolet and blue 
wavelengths relative to those in the red. Suspended particulate matter enhanced 
reflectance because of the particle backscattering that was inversely related to 
wavelength, being strong In the blue and than decreasing In Influence through the 
spectrum.
Goedheer (1970) noted high absorption at 510 - 570 nm in the in vivo 
absorption spectrum of the brown algae Laminaha digitata and attributed it to 
fucoxanthin.
Fujita and shimura (1974) investigated spectroscopic characteristics of 
the phycoerythrin obtained from Trichodesmium thiebautii from East China Sea. The 
phycoerythrin showed an absorption spectrum and a fluorescence excitation 
spectrum with 3 peaks in the visible wavelength region at 500, 547 and 565 nm.
Narain et al. (1981) observed high reflectance in green band (500-600 
nm) followed by a gradual fall in the reflectance of red band (600 - 700 nm) far-red 
band (700 - 800 nm) and near infrared band (800 - 1100 nm). A high reflectance in 
green and lower reflectance in red relates to the spectral behaviour of chlorophyll. A 
considerably lower reflectance in far red and Infrared is believed due to the water 
attenuation.
Prieur and Sathyendranth (1981) attempted for an optical classification 
of coastal and oceanic waters based on the specific spectral absorption curves of 
phytoplankton pigments, dissolved organic matter and other particulate materials.
400 - 700 spectral regions. They succeeded to show that, though the spectral form of 
absorption by pigments can be considered as more or less invariant, the absorption 
efficiency per unit depends on the nature of the seawater and hence the type of 
phytoplankton population considered.
Yentsch and Phinney (1982) showed chlorophyll concentration in ocean 
waters could be estimated by using the difference between fight attenuated by 
particulate matter at 450 nm and 530 nm. The errors in the chlorophyll algorithm 
concern the diversity of accessory pigmentation, light attenuation by substances 
other than algae and the determination of extracted chlorophyll.
Bricaud et aL (1983) measured absorption and total scattering 
coefficients of four phytoplankton species grown in batch cultures simultaneously. 
Comparison between the spectral values of absorption by intact cells and by acetone 
extracts showed the well-known shift of the ‘red peak’ of chlorophyll a from about 675 
nm (in vivo) to 663 nm (in acetone).
Lewis and Warnock (1985) measured photosynthelic action spectra of 
natural phytoplankton population from 400 to 675 nm. All spectra were similar in 
shape with a maximum at 426 - 450 nm, a broad shoulder to 550 nm, a valley from 
600 - 650 nm and a rise at 675 nm.
SooHoo et al. (1986) measured absorption and fluorescence excitation 
spectra for batch cultures of five species of marine phytoplankton. These spectra 
were examined for properties characteristic of taxonomic position and of photo 
adaptive response and found that photo adaptive response has greater influence on 
spectra! variability.
Sathyendranath et al. (1987) evaluated the absorption spectra of 
laboratory cultures of eight species of phytoplankton. The spectra normalized per unit 
of chlorophyll a concentration (specific absorption) show variability In magnitude and 
spectral form. Specific absorption at 440 nm varied over a factor of three. Spectra of 
phytoplankton belonging to the same taxonomic group tended to have similar forms.
Over 95% of the variability in specific absorption could be explained in terms of 
changes in cell size, intra cellular pigment concentration and the importance of 
auxiliary pigments.
Haardt and Marke (1987) measured spectral absorption of 
phytoplankton from cultures and natural samples by means of an integrating-sphere 
photometer. Measurements on suspension yield specific absorption co-efficient for 
cultures at 675 nm between 0.007 and 0.013 /  m^. Natural samples yielded specific 
absorption coefficients at 675 nm of 0.009 and 0.017 /  m^. They consistently found 
absorption peaks at 675 - 677 nm for seawater samples. Dominant features of the 
spectra were chlorophyll c  absorption at 630 and 590 nm and carotenoid absorption 
at 500 nm.
Lewis et a i  (1988) studied absorption spectra of marine OscHlatoria 
{Trichodesmium) from a summer surface bloom in the North Atlantic. The absorption 
spectrum is typical of those of other phytoplankton but with small peaks at 627 and 
567 nm and a large peak at 493 nm, consistent with the presence of phycocyanin, 
phycoerythrobilin and phycourobilin respectively.
Yentsch and Phinney (1989) made observations of the specific 
absorption coefficient during 10 oceanographic cruises in the Western North Atlantic. 
The range in Chlorophyll a  concentration for ocean samples from the various water 
masses in this region was 0.1 - 8.0 ^g  /  I. Diffuse attenuation spectra of particles 
measured by a galss-fibre filter technique show strong correlations between 
extracted chlorophyll and blue (440 nm) or red (670 nm) absorption. Of the two 
absorption coefficient, at 440 was the most variable.
Bricaud and Stramski (1990) determined absorption coefficients of total 
particulate (biogenous) matter from upwelling Peruvian waters and Sargasso Sea. A 
method based on spectral criteria was used to partition these co-efficient into 
absorption by living algal cells and nonalgal (mainly detrital) material. The average 
chlorophyll-specific absorption co-effiecients measured in the Sargasso Sea are 
significantly higher than in the Peruvian upwelling and also higher in the surface layer
than in the deep chlorophyll maximum layer. These systematic variations appeared to 
be mainly due to differences in sizes and intracellular pigment concentration of the 
cells, Inducing differences in the amplitude of the package effect.
Ralf and Daniel (1992) characterized pigments of marine 
prochlorophyte Prochlorococcus marinus by modern chromatographic and 
spectroscopic analysis. The major photosynthetic pigment is 8-desethyl, 8-vinyl 
chlorophyll a. They reported absence of chlorophyll a in this organism.
Hoepffner and Sathyendranath (1992) suggested that major regional 
differences in the phytoplankton absorption spectra linked to regional differences in 
the phytoplankton community. Phytoplankton and covarying material appeared to be 
the major factors affecting the beam attenuation co-efficient through changes in 
species composition, pigment concentration and photo adaptation. The specific 
absorption co-efficient of phytoplankton at 440 nm decreased significantly from 
stratified waters in the open ocean to the well-mixed area in the central part of the 
Georges Bank. In coastal regions, the most significant change in specific absorption 
spectra with depth occurred in wavelengths between 510 and 570 nm. This was 
related to an increase in the carotenoid concentration relative to chlorophyll a.
Gitelson (1992) investigated the nature of the peak near 700 nm on 
reflectance spectrum of water and simultaneous measurements of the reflectance 
spectra in the region of 400 - 750 nm and relevant water quality constituents’ 
concentrations were carried out. A shift of peak position from about 680 nm up to 715 
nm and increase of the peak magnitude when chlorophyll concentrations increased 
were observed. He suggested that, the magnitude and the peak position could be 
used as precise indicators and predictors for the phytoplankton concentration.
Reese and Richardson (1994) studied relationship between pigments 
and reflectance spectra of phytoplankton from numerous basins in Florida bay. Total 
absorbance was measured using spectrophotometer in the 360 - 1,160 nm ranges. 
The data suggested regions of the visible spectrum, which may be useful in satellite 
interpretation of Florida bay algae.
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Yacobi et ah (1995) obtained high-reso(ution reflectance spectra in the 
range of 400 - 850 nm from Lake Kinneret when phytoplankton dominated by 
Peridinium. The most prominent features of the reflectance spectra were (i) a wide 
minimum from 400 - 500 nm (ii) a maximum at 550 - 570 nm indicating a strong 
absorption by pigments in the green range of the spectrum (iii) a minimum at 676 nm 
(iv) a maximum reflectance showed near 700 nm; its magnitude and position were 
highly dependent on chlorophyll concentration. The use of three relatively narrow 
spectral bands was considered sufficient for chlorophyll mapping in Lake Kinneret. 
Hence they suggested employment of relatively simpler sensor, measuring only a few 
bands in future applications for chlorophyll monitoring in inland waters.
Millie et a/. (1997) evaluated the utility of photopigmetns and absorption 
signatures to delect and enumerate the red tide dinoflagellate Gymnodium breve in 
laboratory cultures and in natural assemblages. Stepwise discriminant analysis 
indicated that wavelengths indicative of in vivo absorption by accessory chlorophylls 
and carotenoids could correctly discern spectra of the fucoxanthin containing 
G.breve. (The carotenoid, gyroxanthin diester was an adequate biomarker for G. 
breve biomass).
The lOCCG working group (1998) recommended that chlorophyll 
retrieval algorithm should utilize wavebands at 555 nm or 560 nm and 443 nm and 
additional waveband at 410 nm to account for coloured dissolved organic matter 
(CDOM) absorption (lOCCG; International Ocean Colour Coordinating Group).
Suresh et at. (1998) measured In situ inherent optical properties, 
absorption and beam attenuation using reflective lube absorption meter at nine 
wavelengths in the Arabian Sea during March. They studied pigment concentration 
since inherent optical properties depends on the constituents of the water. 
Chlorophyll a had strong absorption in the blue (440 nm) and another in the red 
region (676 nm) of spectrum. It absorbed weakly between 450 and 650 nm. They 
found 676 nm as preferred absorption band to quantify chlorophyll a since, dissolved 
organic matter and other pigments influence absorption at the soret band of 440 nm.
Gapotchenko et al. (2001) tested the spectral signature of Long Island 
Sound (LIS) waters with varying amounts of chlorophyll and suspended sediments to 
determine the extent to which algal blooms In LIS can be monitored and quantified 
using data from CZCS and SeaWiFS. They collected multispectral data in the 350 - 
1050 nm ranges from several locations. The spectra showed all of the major features 
of the chlorophyll spectral signature: reflectance minima between 400 and 500 nm, 
maxima at -560 nm and 700 nm.
Millie ef a/. (2002) tested utility of absorption and fluorescence emission 
spectra for discriminating among micro algal phylogenetic groups, selected species 
and phycobilin and non-phycobilin containing algae using laboratory cultures. 
Chrysophytes/diatoms/raphidophytes and dinoflagellates (groups within the 
comparable spectral classes, chlorophyll a /  chlorophyll c /  fucoxanthin and 
chlorophyll a /  chlorophyll c /  peridinin respectively) displayed the greater similarity 
between / among groups.
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3. MATERIAL AND METHODS
3.1 Phytoplankton Cultures
Stock cultures of following phytoplankton species maintained at the 
Aigoiogy laboratory of FEMD of CMFRl were used for the present study (Plate 2).
Species Group
1) Cheatoceros calcitrans Bacillariophycea
2) Nannochloropsis salina Chlorophyceae
3) Chlorella marina Chlorophyceae
4) Dunaliella salina Chlorophyceae
5) Synachocystis salina Cyanophyceae
6) Tetraselmis gracilis Prasinophycea
7) Isochrysis galbana Haptophyceae
8) Dicrateria inornata Haptophyceae
The selection of species was made in such a way that it simulate the 
species composition of the natural population (Plate 5 to 12) and care was taken to 
see that the age of the culture was uniform.
3.1.1 Sterilization of glassware
For the present experiment 250 ml conical flasks were used. The 
conical flasks were rinsed with concentrated HCl, washed thoroughly with laboratory 
detergent and freshwater followed by distilled water rinsing. The washed flasks were 
sterilized in an autoclave at 151b for 30 min (Easterson, 1980)
3.1.2 Enriched media used for micro-algal culture
Convay or Walne’s medium (Walne, 1974, modified by Easterson, 
1980) was used for the culture and maintenance of phytoplankton species. The 
composition and the procedure is given below.
A) Macronutrients (Stock “A”)
Potassium nitrate 100.00 gm
Sodium dihydrogen phosphate 20.00 gm
EDTA, Sodium salt 45.00 gm
Boric acid 33.40 gm
Ferric chloride 1.30 gm
Manganous chloride 0.36 gm
Distilled water 1000 ml
B) Trace metals (Stock “B”)
Zinc chloride 4.2 gm
Cobaltous chloride 4.0 gm
Copper sulphate 4.0 gm
Ammonium molybdate 4 H2O 1.8 gm
Distilled water 1000 ml
C) Vitamins (Stock “C”).
Thiamine (Vitamin B i) 200 mg
Cyanocobalmine (Vitamin B12) 10 mg
Distilled water 1000 ml
D) Sodium silicate 4gm/100ml
Preparation; All these stocks were kept in separate reagent bottles and refrigerated 
until use. Added 1 ml of stock solution “A”, 0.5 ml of slock solution “B”, 0.1 ml of stock 
solution “C” to one litre of sterilised seawater to culture the micro-algae. Only in the 
case of Chaetoceros calcitrans (diatom) culture 2 ml of stock “D” solution was added 
for one litre of seawater.
3 .1 . 3 Culture of micro-algae
The seawater was filtered through cotton to remove undesirable 
suspended particles and sterilised as that of glasswares. After cooling to the room 
temperature, 200 ml of sterilised seawater was poured into sterilised 250 ml conical 
flask along with the required quantity of the media. Then 10 ml of inoculum in the 
growing phase were transferred to each of the culture flask and illuminated by three 
fluorescent lamps. Temperature of 23 ± 1°c and photoperiod of 12 hours light and 12 
hours dark was maintained throughout the culture period.
Culture flasks were shaken thrice in a day, to overcome the aeration 
problem, so that it helped to keep the culture in suspension and also to keep nutrient 
salts distributed uniformly in the medium. Cultures of each species in triplicate were 
maintained (Stein, 1973).
3.1.4 Measurement of growth of culture
Regular counts of the algal cells from the inoculation day were made to 
monitor the growth of culture.
Haemocytometer with improved Neubquer ruling was used for counting 
the algal cells (Guillard, 1978). Before counting, both the cover slip and chamber 
were cleaned with distilled water and dried with blotting paper and took utmost care 
avoiding scratches. The face of the counting chamber was composed of two grided 
surfaces separated by canals. The cover slip placed on the support bars along the 
canals and a drop of homogenously mixed algal suspension was delivered from a 
sterilised pipette by touching the pipette tip to the edge of the cover slip.
Each half of the haemocytometer surface contained nine large grids. 
Only those algal cells that fall within the four large corner grids were counted and 
each larger grid was further subdivided into 16 small squares. Cells that fall on the 
border were counted if at least half of the cell was within the square, but only two 
borders were acknowledged (either top or bottom and either left or right) so that cells 
were not counted twice.
To determine the algal cell density (number of algal cells per millimetre) 
in the suspension, the average number of algal cells counted in four-corner grid was 
multiplied by 10,000.
Total no. of cells / ml = Average count per chamber x 10,000
3. 2 Sample Collections Onboard FORV SAGAR SAMPADA along 
West Coast Of India
I participated as one of the scientific participants in the research cruise 
211, onboard FORV Sagar Sampada (Plate 1) from January 13*^  to February 8**’ 
2003 during which water samples were collected for spectral and pigment analysis.
Plate 1. FORV Sagar sampada
Plate 2. Monocultures In the CMFRI Lab
The cruise was carried out in two legs. One along the southwest coast and second 
along the northwest coast. The positions along the S-W coast extended from 8^ N, 
IT -  E to 14^ N, 742 E (12 stations, 1 laVlong spacing) and N-W coast extended from 
21- N, 64- E to 21- N, 69.44® 12' E (7 stations, 1 longitude spacing). The positions of 
the sampling stations are shown in Table 1 and marked in Fig. 1.
3.2.1 Water sample collection
Seawater for spectral analysis and pigment analysis were obtained from 
the CTD rosette sampler fitted with 1.8-lit Niskin bottles operated at surface, 10m, 
20m, 30m, 40m and 50m depths (Plate 3).
3. 3 Hydrographical Measurements 
3.3.1 Physical parameters
The physical parameters (Temperature, salinity, pH etc.) were obtained 
from SeaBirds 911 plus  CTD. CTD stands for conductivity, temperature and depth, 
which was the standard instrument for measuring temperature, salinity. The data 
profiles recorded from each station were obtained from the attached computer for 
analysis.
3. 3. 2 Chemical parameters
Nutrient samples were also obtained from Niskin bottles attached to the 
GTD-rosette sampler that was triggered at pre-determined depths. Nutrients (Nitrate, 
Phosphate, silicate and nitrate) were analysed using Skalar SAN plus segmented 
flow analyser (Auto analyser) onboard (Plate 4).
Automatic segmented flow analysis is a continuous flow method of 
chemical analysis in which a stream of reagents and samples segmented with air 
bubbles is pumped through a manifold to undergo treatment such as mixing, heating, 
dialysis etc. before entering a cell to be detected. A ir segmentation is used to 
eliminate cross contam ination and to provide an aliquot to mix different reagents.
W inkler method was followed to estimate the Dissolved Oxygen 
onboard. Water samples fo r DO2 were collected first and were fixed with W inkler A
Plate 2. Collection of water samples through CTD probe onboard
Plate 4. Auto analyser
and Winkler B reagents immediately a fter collection and were kept for more than 
12hrs before titrimetric analysis.
3.4  Phytoplankton Pigments
Seawater samples (1.0 I each) were vacuum  filtered through 45 p. (47 
mm 0 ) Whatman GF/F glass fibre filte r papers. W hile filtering the sample, a few 
drops of suspension of magnesium carbonate in D istilled water were added to 
prevent acidity on the filter. Filters were wrapped in alum inium foil and immediately 
preserved In refrigerator for further laboratory analysis.
The filter was then extracted w ith 10 ml of 90% acetone and kept in 
small airtight screw-cap bottles in dark, inside the refrigerator for 20 - 24 hours. Prior 
to analysis, pigment extracts were centrifuged to  remove cellu lar debris (10,000 rpm 
at 10°c for 5 min). Chlorophyll and carotenoids were delected with a Hitachi-UV 
solutions-U-2010 spectrophotometer.
Chlorophyll a, b, c  and carotenoids were estimated according to the 
methods prescribed by Parson et af. (1984). The absorbance of the clear acetone 
extract was measured photom etrically as against 90% of acetone (as blank) at 
different wave lengths of 750, 664, 647, 630, 510 and 480 nm and concentration of 
chlorophylls a, b, c  and carotenoids were calculated using the equations given by 
Parsons etal. (1984).
Ca =chlorophyll a = 11.85 E 664 -1 .5 4  E 647 — 0.08 E 630 
C/> =chlorophyll b  = 21.03 E 647- 5.43 E 664 -  2.66 E 830 
Cc = chlorophyll c = 24.52 E 630 -  1.67 E 664 -  7.60 E 647 
Car. (Cp) = Plant carotenoids = 7.6 (E 480 -  1.49 E 510)
Where, E is the absorbance at the respective wavelength. Each 
extinction was corrected fo r a small turb id ity blank by subtracting the 750 nm reading 
from 664, 647 and 630 nm absorptions. The 510 nm absorbance was corrected by 
subtracting 2 x 750 nm absorbance and 480 nm absorbance was corrected by 
subtracting 3 x 750 nm absorbance. Then the chlorophylls and carotenoids were 
estimated in mg /  m ^ using the formula,
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C X  V
V x l
Where, Ca, Cb and Cc are three chlorophylls substituted for ‘c’ in the above equation
V = volume of acetone in ml
V = volume of water sample in litre 
I = the path length of cuvette in cm.
For plant carotenoids, Cp value is substituted for ‘c’ in the same 
equation, which was used for chlorophylls.
For the estimation of phaeo-pigments, the procedure is similar to that of 
chlorophylls as given above. The extinction of the extract was measured at 665 and 
750 nm. To the cuvette, 2 drops of dilute HCI was added (10 ml cone. HCI in 100 ml 
distilled water) and then remeasured the extinction at 665 and 750 nm. Each 750 nm 
reading is subtracted from the corresponding 665 nm extinction and phaeo-pigment 
concentration was calculated using the following equation,
Phaeo-pigment (mg /  m ^) = 26.7 (1.7 (665a) -  (665o) x v
V x l
Where, 665a = extinction at 665 nm before acidification
6650 = extinction at 665 nm after acidification
V = volume of acetone extract (ml)
V = volume of water filtered (litres)
I = path length of the cuvette (cm)
3.5 Spectral Signatures
Spectral signatures of chlorophyll extracts in 90% acetone were 
obtained in the visible range (400 -  700 nm) using the same spectrophotometer with 
the following specifications,
Spectral range 400 - 700 nm
Scan speed 200 nm /  min
Sampling interval 0.5 nm
Slit width 2 nm
Lamp charge 340
Pathlength 10
Baseline correction System
Response Fast
Spectral signatures were detected in the visible range since this range 
of wavelength give inform ation about the water column’s constituents and the 
intervening atmosphere through which the oceans are observed.
Spectral signatures of phytoplankton (in 90% acetone) collected along 
west coast were com pared w ith that of the pure cultures of eight phytoplankton 
species. Similarly spectral signatures of these in vivo phytoplankton culture (not in 
acetone extract) were m ade to  simulate the in situ  conditions against blank of media 
filtered through 0.45^i GF/F.
Spectral signatures were only presented for the surface samples 
because in situ vertical profiling is not a systam atical requirement for comparison of 
sea truth data with sate llite  estim ates (Andre, 1992). Peak identifications were made 
by comparing the peaks w ith those of pure standards and by the absorbance and 
fluorescence spectra o f peaks found in literature (Robinowitch and Govindjee, 1969; 
Prezelin, 1981).
3.6 Statistical Analysis
The influence o f nutrients on abundance of phytoplankton pigments 
was analysed by correlation and t-test was applied to know its significance.
SI. No. StationNo. Date Time Lat (N)
Long
(E)
Depth
(m)
1 1262 14-1-03 11.58AM 8^ 77^ 58
2 1263 14-1-03 8.44PM 8 76^ 1490
3 1264 15-1-03 7.26AM 8^ 75^ 815
4 1265 15-1-03 5.33PM 9^ 75^ 713
5 1266 16-1-03 2.15PM 9^ 76^ 101
6 1267 16-1-03 11.30AM 9.55^ 75.53^ 62
7 1268 16-1-03 5.15PM 10^ 75^ 2200
8 1269 17-1-03 1.30PM 11^ 752 896
9 1270 17-1-03 6.10AM 11^ 75 30^ 50
10 1271 17-1-03 5.00PM 129 74 00^ 70
11 1272 18-1-03 3.00AM 13^ 74 00^ 116
12 1273 18-1-03 10.30AM 140 74 00^ 56
13 1279 26-1-03 11.45AM 2 iq 64 00^ 3381
14 1280 30-1-03 8.55AM 21° 65 00^ 2980
15 1281 30-1-03 7.20PM 219 66 00^ 2471
16 1282 31-1-03 5.30PM 21^ 67 08^ 2420
17 1283 1-2-03 2.50PM 21° 68 00^ 2678
18 1284 1-2-03 1.45AM 21° 69 00^ 856
19 1285 1-2-03 9.45AM 219 69 44^ 54
Fig. 1 Cruise track, FORV Sagar Sampada  depicting the sampling stations
F O R V  Sagar Sampada-Cru ise track -Cr.No.211
RESULTS
4. RESULTS
4.1 Physico-Chemical Characteristics of Southwest Coast of India 
during Jan 2003.
4.1.1 Temperature, salinity, DO 2 and pH
Temperature of seawater ranged from 27.85"c at off Wadge bank 
(Station 1262) to 29.29 c ad jo in ing off Cochin (Station 1268) in the 50 m profiles (Fig. 
37). Salinity ranged from 33.97 ppt at the surface to 36.24 ppt at 50-m depth profile. 
The northern latitude representing off M angalore and Karwar registered higher 
salinities (35.55 ppt) even at the surface (Fig. 38). Dissolved oxygen ranged from 
3.54 ml / I at 50 m-depth profile adjoining off W adge bank (Station 1263) and off 
Kannur (Station 1271) to 4.568 ml / 1 at the surface (Fig. 39). The water pH ranged 
from 8.2 at 10 m depths (S tation 1265) to 8.49 In surface (Station 1266). The results 
of above parameters ind icated that the w ater mass to be well mixed upto the 
observed depth and the therm ocline may lie well below this depth.
4.1.2 Dissolved nutrients
Levels of n itrate ranged from 0.02 /v M / 1 (Station 1269) at 30 m depths 
to 1.87 ^  M / 1 at 50 m depth (Station 1271). Southern latitudes were found to contain 
higher levels of nitrate than the waters adjoining Karnataka coast (Fig. 40). Similarly 
silicate (Fig. 41) also exh ib ited higher values (6.43 - 8.13 // M /  I) in the southern 
latitudes than the Karnataka coast (0.88 - 1.92 /1, Station 1271 - 1273). On the 
other hand nitrites (Fig. 42) w ere more (0.1 - 0.15 /y M /  1) in the offshore waters 
adjoining Karnataka than the  southern counterparts (0.01 - 0.09 / /  M /  1). Phosphate 
ranged from 0.15 M / l i n  the surface to 0.47 M /  I in 50 m depths (Fig. 43). 
Phosphate levels also show ed higher values (0.3 - 0.47 // M /  I) in the northern 
latitudes (Station 1271 - 1273) than the southern counterparts (0 .1 5 - 0.25 /y M / 1).
4.2 Physico-Chemical Characteristics of Noctiliuca Bloom Waters off 
Jamnager, Gujarat during the last W eek of Jan 2003
4.2.1 Temperature, salinity, DO2  and pH
Thick bloom of Noctiluca m iliaris  (Plate 13) was noticed on 26 -  01 - 03 
in surface waters o f a deeper station (Station 1279) off Jannnagar (21° N, 64° E). 
After 4 days of observation the vessel sailed to the next station. In the deeper waters 
off Jamnager the tem perature in the surface ranged from 24.76°c to 25.92°c and 
23.86®c to 25.10°c at the  50 m depths (Fig. 44). Salinity was almost uniform 
throughout the six longitudes (Fig. 45) and ranged from 36,05 ppt to 36.75 ppt. The 
dissolved oxygen levels w ere very norm al throughout the stations and ranged from 
3.45 ml / 1 in 50 m (Station 1282) to 4.60 ml /1 in 10m depths (Fig. 46). The pH (Fig. 
47) also showed a very narrow  range of variation (8.26 to 8.35). The bloom station 
(Station 1279) showed a range o f pH from  8.29 in 50 m depth to 8.33 at the surface 
(Table 16).
4.2.2 Dissolved nutrients
All the nutrients studied such as nitrates, nitrites, phosphate and silicate 
were observed higher a t deeper Stations (>2400 m, Station 1279 -1282) than the 
shallow stations. The bloom Station showed considerably higher levels of all the 
dissolved nutrients than the adjacent stations except nitrite (Table 16, Fig. 30). The 
nitrate level ranged from 0.28 // M / 1 (Station 1284) to 3.45 /W M / 1 (Station 1280) at 
10 m depth profile (Fig. 48). Nitrite ranged from  0.06 / /  M /  1 to 1.56 /; M /  I at 50 m 
depth profile (Fig. 50). Rem arkably high concentration of silicate is observed in bloom 
station 1279 e. 6.6 / /  M / 1 (Fig. 49). phosphate showed steady but significant level 
at all the stations. Phosphate ranged between 0.57 ^  M / 1 (Station 1284) to 0.17 // M 
/ 1 (Station 1279) at surface (Fig. 51).
4.3 Spectral Signatures of Phytoplankton Species Cultured in the 
laboratory
Spectral signatures of eight phytoplankton species (Plate 5 -12) 
belonging to various taxa at visible wavelength were made using the 
spectrophotometer separately from  extracted pigments (in 90%  acetone) as well as 
from the intact cells suspended in the media. From the spectral signatures, the peaks 
were marked and corresponding pigm ents were identified from the standard table 
given as Table 3, which was com piled from published works of various authors cited 
as reference in the said Table.
4.3.1 Chaetoceros calcitrans
This is a diatom  belonging to Bacillariophyceae. The spectral signature 
of acetone extracted pigm ents recorded peaks at 663 nm, 619 nm, 580 nm, 465 nm, 
431 nnn and 415 nm that are the characteristic of diatom. Similarly the peaks 
recorded in the spectrum of in  s/7u culture were at 685 nm, 660 nm, 640 nm. 620 nm, 
595 nm, 560 nm, 518 nm, 492 nm, 467 nm, 440 nm, 430 nm, and 415 nm indicating 
the presence of violaxanthin and fucoxanthin besides Chlorophyll a. (Table 3 & 23; 
Fig. 2 & 3).
4.3.2 Nannochloropsis satina
The spectral signature of Nannochloropsis salina, a chlorophycean 
member showed absorption peaks at 663 nm, 614 nm, 468 nm, 438 nm and 418 nm 
in 90% acetone extract and at 685 nm, 630 nm, 600 nm, 515 nm and 448 nm in the 
in situ condition indicating more of chlorophyll a and phycocyanin pigments. (Table 3 
& 23; Fig. 4 & 5).
4.3.3 Chlorella marina
Chlorella is a lso a chlorophycean member showed peaks in its 
absorption spectrum at 663 nm, 432 nm indicating chlorophyll a and at 453 nm
indicating chlorophyll b. The spectra l s.ynaturo  o( the cell suspension also showed 
peaks relatively at same w ave lonyths. (Table 3 & 23; Fig. 6 & 7).
4.3.4 Dunaliella salina
The acetone extracted p igm ents o f DunalieHa, a Chlorophycean 
member showed absorption peaks at 663nm. 614 nm. 578 nm, 468 nm. 438 nm. and 
412 nm. However ihe cell suspension show ed absorption peaks in red wavelengths 
such as 671 nm. 665 nm. 660 nm. 640 nm. and 620 nm, as well as in the blue bands 
such as 470 nm,442 nm. 428 nm. 418 nm, and 405 nm (Table 3 & 23; Fig. 8 & 9).
4.3.5 Synochocystis saiina
The absorption spectrum  of extracted pigm ents of th is blue green alga 
showed peaks at 662 nm, 615 nm, 580 nm, 480 nm, 453 nm and 430 nm indicating 
chlorophyll a, chlorophyll and phycocyanin p igm ents. The in situ  culture revealed 
absorption peaks at 660 nm. 635 nm, 600 nm, 500 nm, and 444 nm, (Table 3 & 23; 
Fig 10 & 11).
4.3.6 Tetraselmis gracilis
Tetraselrnis. a prasinophyte m icro a lga showed peaks at 663 nm, 610 
nm, 570 nm, 453 mm. 432 nm are indicating chlorophyll a and b  pigments in the 
acetone extract and at 653 nm, 640 nm. 605 nm, 540 nm. 520 nm. and 440 nm, 
(Table 3 & 23; Fig. 1 2 & 13).
4.37 Isochrysis gaibana
This species is a lso a Haptophycean m em ber revealed spectral peaks 
in the acetone extract at 663 nm, 627 nm, 580 nm, 475 nm, 435 nm and 412 nm, 
where as the in situ culture showed peaks a t 693 nm, 688 nm. 645 nm, 639 nm. 600 
nm, 550 nm, 515 nm. 480 nm, 460 nm and at 425 nm. (Table 3 &  23; Fig. 14 & 15).
4.3.8 Dicrateria inornata
This Haptophycean m em ber showed peaks in the extracted form of 
pigments at 663 nm. 627 nm, 580 nm. 480 nm, 434 nm and 412 nm. The spectrum of 
the cell suspension revealed peaks at 690 nm, 650 nm, 640 nm, 620 nm, 600 nm, 
588 nm. 560 nm, 550 nm, 515 nm, 490 nm, 475 nm. 465 nm, 450 nm, 435 nm, 428 
nm and at 420 nm. (Table 3 & 23; Fig. 1 6 &  17).
4.4 Spectral Signatures of Phytoplankton Pigments along the 
Southwest Coast of India during Jan 2003.
The spectral signatures o f pigm ents distributed in Stations 1262-1264 
in the Wadge bank recorded peaks at 682 nm, 670 nm. 663 nm, 647 nm. 605 nm 
indicating chlorophyll a, b  and at 582 nm, 560 nm. 518 nm, 481 nm. 438 nm 
indicating the presence o f carotenoids especia lly p-carotenes (Table 2 & 3; Table 4 -
6). These peaks represent dom inance of phaeophycean members in Station 1262 
and chlorophycean m em bers in Station 1264. The middle Station 1263 revealed 
more of phaeo pigments (14.42 mg /  m^), which indicates abundance of chlorophyll a. 
(Table 3. 4, 6 & 24; Fig. 18, 19 & 20).
The absorption spectrum of pigm ents from two stations representing off 
Quilon showed peaks at 686 nm, 682 nm. 670 nm, 665 nm, 647 nm, 625 nm, 603 
nm, 584 nm, 535 nm, 518 nm, 444 nm and 428 nm indicating chlorophyll c  and 
dominance of diatoms. The quantitative estim ation revealed higher concentrations of 
phaeopigments indicating degradation of chlorophyll a. (Table 7, 8 & 24; Fig. 21 - 
22 ) .
The optical signal received spectrophotom etrically from the pigment 
extracts off Cochin (Station 1267 and 1268) showed peaks at 686 nm, 682 nm, 671 
nm, 666 nm, 657 nm, 637 nm. 611 nm, 560 nm, 530 nm. 528 nm, 516 nm. 480 nm, 
428 nm, represent chlorophyll c (Table 3 & 24; Fig. 23 & 24). The quantitative 
estimate showed higher levels of phaeopigm ents followed by chlorophyll c  than 
chlorophyll a and chlorophyll b  (Table 9 & 10).
The spectral signatures of phytoplankton pigm ents from the two 
stations 1269 and 1270 adjoining off Ponnani revealed peaks (Table 11 & 12; Fig. 25 
&26) more or less uniform ly at 692 nm, 688 nm, 666 nm, 660 nm, 640 nm, 618 nm, 
603 nm, 584 nm, 572 nm, 560 nm, 518 nm, 480 nm, 480 nm and 428 nm indicating 
abundance of chlorophyll a and chlorophyll c  (Table 2, 3 & 24).
The spectral signature of pigm ents (Fig. 11; Table 13) at 12°N (Station 
1271) adjoining off Kannur had absorption peaks at 698 nm, 688 nm, 675 nm, 666 
nm, 650 nm, 645 nm, 638 nm, 628 nm, 603 nm, 585 nm, 560 nm, 480 nm, 487 nm, 
438 nm, 420 nm and 415 nm indicating the presence of chlorophyll b  and 
predominance of blue green algae (Table 2, 3 & 24).
The spectral signature of pigments from off f\/langalore (station 1272) 
had peaks of absorbency a t 697 nm, 671 nm, 668 nm, 663 nm. 647 nm and 642 nm 
indicating chlorophyll a and chlorophyll ca n d  614 nm, 608 nm Indicating phycocyanin 
and also at 570 nm, 555 nm, 498 nm, 480 nm, 438 nm and 420 nm indicating p- 
carotene pigments. The spectrum  indicated the predominance of cyanophycean 
members of primary producers (Table 2, 3, 14 & 24; Fig. 28).
The spectral signature from the shallow station (Station 1273) adjoining 
off Karwar recorded peaks at 692 nm, 682 nm, 668 nm, 662 nm, 653 nm, 640 nm, 
630 nm, 614 nm, 603 nm, 575 nm, 560 nm, 510 nm, 488 nm, 457 nm, 437 nm and 
428 nm indicating the presence of chlorophyll a, c  and corotenoids such as (3- 
carotene and neoxanthin pigments (Table 3, 15 & 24; Fig. 29).
4.5 Spectral Signature of Noctituca Bloom off Jamnager (Gujarat 
Coast) during the last Week of Jan 2003.
In the station 1279 on 26-01-2003, a thick bloom was noticed, 
spreading over a vast area (Plate 13). Analysis of water sample revealed that the 
bloom was due to the NoctHuca mHiaris (Plate 14). The intensity of the bloom was 
limited to a few meters from the surface and at 10 m-depth profile the chlorophyll
content was normal, which w as revealed by the  quantitative estim ate of the pigments
(Table 16).
The spectral signature of this bloom revealed peaks at 663 nm, 603 nm. 
562 nm, 530 nm, 466 nm and 420 nm indicating the presence of single species or 
taxa (Table 3, 25; Fig. 30) whereas in the next station eastward (Station 1280) 
revealed more peaks in the blue, green and red regions such as 694 nm, 682 nm. 
663 nm, 647 nm, 629 nm, 609 nm, 600 nm, 583 nm, 576 nm and like upto 410 nm 
indicating presence of more than one taxa (Table 17 - 22; Fig. 31 - 36). The 
chlorophyll content in the bloom station (Table 16) revealed higher concentration of 
chlorophyll a (1.677 mg /  m^) chlorophyll b  (0.8634 mg /  m^) and carotenoids (0.1453 
mg/m^).
Stations 1280 to 1285 are not b loom  stations however a few cells of 
NoctilucB milaris were observed in the surface waters between stations 1280 and 
1281. The spectral signatures of their pigment extracts were quite different from that 
of the bloom Station (Table 16 - 22; Fig. 30 - 36). The absorption peaks in Station 
1281 were at 694 nm, 663 nm, 600nm, 531 nm, 520 nm, 495 nm, 480 nm, 445 nm. 
440 nm, 428 nm and 411 nm. S im ilar peaks were observed in the spectra of stations 
eastward upto station 1285 (Table 1 8 -2 2 ;  Fig. 32 - 36).
Table 2. Major light harvesting pigm ents in algae
SI.
No.
Algal taxa Pigments
1 Bacillariophyta (diatoms) Chlorophyll a, Ci, C2, fucoxanthin
2 Chlorophyta 
(green algae)
Chlorophyll a, b, siphanoxanthin
3 Cyanophyta (BGA) Chlorophyll a, phycocyanin
4 Dinoflagellates Chlorophyll a, c^, peridinin
5 Phaeophyta Chlorophyll Cu C2, fucoxanthin
6 Prasinophyta Chlorophyll a, b, siphanoxnthin
7 Rhodophyta Chlorophyll a, phycoerythrin
8 Xanthophyta Chlorophyll a, (traces)
Ref: Falkowski, 1980.
Table3. Peaks in the visible absorption spectrum of phytoplankton and their 
corresponding pigments
SI. No. Pigments Peaks (nm) Reference
' U 3,670 Joint and Groom, 2000
432,663 Jeffrey & Humprey, 1975
1 Chloroohvll 9 428,674 Bidigare eta/., 1990
430,660 Aguirre-Gomez et al., 2001
2 Chlorophyll a+pheopigment 576.440 Stuart eta/., 1998
468,654 H a ll& R ao . 1977
3
Chlorophyll b 468
Bidigare eta/., 1990
464,655 Stuart e ta i ,  1998
453,645 Aguirre-Gomez etal., 2001
448,585.634 Jeffrey, 1969
4
Chlorophyll c 454.588.630 Bidigare eta/., 1990
461.583,644 Stuart et al., 1998
5 Chlorophyll Ci 446.580,628 Aguirre-Gomez etal., 2001
6 Chlorophyll 449,580,628 Aguirre-Gomez etal., 2001
7 Carotenoids 490 Joint and Groom, 2000
490,532 Stuart et a/., 1998
8 6-Carotene 450,480 Aguirre-Gomez et al., 2001
460.480 Aguirre-Gomez eta/., 2001
9 Fucoxanthine 514.530.556 Bidigare eta/., 1990
449,465 Davies, 1976
10 Butoxyl fucoxanthin 494 Bidigare et al„  1990
11 Diodinoxanthin 445,474 Davis. 1976
12 Neoxanthin 415.438,467 Davis. 1976
13 Prasinoxanthin 446 Davis, .1976
14 Violaxanthin 415,440,469 Davis, 1976
15 Zeaxanthin 428 Goodwin, 1980
16 Phycocyanin 606*616 Wood efa/.. 2001
17 Phycoerythrin 590 Wood era/., 2001
18 Phycoerythrobilin 550 Wood et a/., 2001
19 Phycourobiiin 500 Wood e fa /., 2001
20 Green micro algae 430.457,488.512,533,562,579 
612,643.662
Aguirre-Gomez eta/., 2001
21 Diatom 431,460,487,531.577,617
634.661
Aguirre-Gomez et al., 2001
22 Cyanobacteria 675.5, 684.9 Aguirre-Gomez et al., 2001
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Fig. 3 Spectral signature of Chaetoceros calcitrans. (Intact cell).
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Plate 13. Algal bloom off Jamnagar, Gujarat
Plate 14. NoctHuca mUiaris
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Table 2 3 . Absorption peaks and peak heights obtained by spectral signature of phytoplankton 
culture
sp- Type Absorption Peaks Peak Heights
Chlorella
Extract 412,432,453.578,612,663. 0.390.0.45.0.30.0.02.0.035,0.150
Intact 428,450,500,520.550,600.
640.660,688,
0.033.0.0275.0.030.0.029.0.02,0.024,0.017.
0.018.0.024
Synacho
Extract 430,453,480.580,615,662. 0.645,0.510,0.44,0.020,0.040,0.28
Intact 444,500,600,635,660 0.38.0.35,0.272.0.263,0.255
Nanocio
Extract 418.438,468,614,663 0.56.0.66,0.53,0.025,0.150
Intact 448,515.600,630,685 0.115,0.095,0.080.0.065.0.080
isochrys
Extract
412,435,475,580,627,663. 0.64.0.90,0.40,0.050,0.080,0.028
Intact 425,460,480.515.550.600.
639,645.688.693.
0.0418.0.0433,0.0442,0.046,0.047,0.0495,
0.047,0.047,0.0515.0.0518
Chaeto
Extract
415,431.465.580.619,663. 1.500.1.650,0.750,0.130,0.175,0.570
Intact 415.430.440.467.492,518.
560.595.620.640.660.685.
0.084,0.083.0.082,0.080,0.076.0.076.
0.072.0.071,0.067,0.066.0.065,0.071
Tetrasel
Extract 412,432,453,570,610,663. 0.058.0.079.0.058,0.006.0.10.0.34
Intact 440,520,540.605.640,653. 0.08.0.07,0.06,0.07,0.055,0.07
Dunali
Extract 412.438.468.578,614.663. 1.05,1.43,0.63.0.13.0.15.0.54
Intact 405,418.428.442.470,490.
515,540.560.600,610.620.640. 
660,665,671.
0.049.0.048.0.047,0.048,0.046,0.045.0.044,
0.042.0.042,0.043.0.037.0.036,0.040,0.040,
0.041,0.042
Dicrater
Extract 412,434,480,580.627,663. 0.85,1.16.0.53,0.09,0.10,0.35
Intact 420.428.435,450.465,475. 490.515.550.560.588.600. 
620,640.650.690.
0.067.0.06,0.068.0.069,0.070,0.071.0.071,
0.073.0.073.0.074,0.076,0.077,0.071.0.073,
0.072.0.080.
St. No. Absorpllon Peaks Peak Heights
1262
414.428.444,448,481,494,518,527,534,539.548, 
562,582,603.618,638,650,683.670,682.
1.337,1.353.1.356,1.356.1.357.1.35,1.36,1.356. 
1.356,1.356,1.36,1.369,1.364.1.387,1.391,
1.395,1.398.1.407.1.406.1.396
1263 432,481. 518, 580. 582. 605, 647, 664. 670,683, 1.295,1.30,1.301,1.30,1.32,1.35,1.425,1.395. 1.375,1.405
1264
414,420,428,438.443.448,505.510,518. 535,
540.550,556,560.574.535.595,605.620.628.
635.640.655,666.670.690.
1.907,1.904,1.902,1.896,1.895.1.893,1.885, 
1.887.1.899, 1.893.1.893,1.896,1.900,
1.904.1.893,1.895.1.891,1.901.1.896,1.894, 
1.898.1.901,1.898.1.906,1.908.1.900
1265
405.428.444,458.493,518.527.635,538,550. 
572.584.603.618.625,635.647.660,665.670, 
&82,670.682,686.
2.377,2.376,2.384.2.384,2.3845,2.385.2.392,
2.393,2.393,2.395,2.393,2.387,2.389,2.389,
2.385.2.374,2.374,2.371,2.374.2.372,2.377
2.369,2.365.2.369.
1266 420.427.438,440.458,465.470,492,518,530.540,547.561.584,603.625.634.647,665,677,688
1.631.1.616,1.595,1.587,1.577.1.570,1.569. 
1.564.1.575,1.569,1.569,1.570,1.589,1.573, 
1.597.1.589.1.589.1.570,1.584.1.583,1.581
1267
420.428,438,442.458.477.480.488,505,516.
530,534.554,562.569.580,615.628.630.637,
657,666,671,682.
1.687.1.695,1.695,1.694,1.695,1.694.1.699. 
1.697.1.695,1.709,1.706.1.708.1.720.1.726,. 
1.730.1.733,1.743,1.746,1.743,1.743.1.733, 
1.733,1.734,1.726
1268
414,418,428.440.445.448,455.478.480,504, 
516.528,532.539.560,575,584.593,603.611, 
520.633.637.644.650.657,664.671.680.686.
1.839,1.840,1.848,1.845,1.847,1.847.1.842,
1.842,8435.1.838.1.841.1.836,1.838,1.838,
1.841,1.840.1 -847.1.841,1.847,1.856,1.856,
1.859.1.8605.1.858.1.860,1.866,1.867,1.869. 
1.861.1.860.
1269 418,428.435.455.480,518,525.540.555.560.584.603,618,640.654.660,666.682.688.692,
1.966,1.980,1.980.1.9851,1.958,1.956,1.950, 
1.955,1.960,1.967,1.980.1.985.1.992,2.005, 
2.027.2.027,1.989,1.986.1.984
1270
415.420,428,440.449.460.466.474.480.505, 
517.530.538. 546.560.572.584,603.618.640. 
660.666,688,692.
1,293.1.296.1.305,1.308,1.311,1.307,1.306, 
1.307,1.309,1.303.1.317.1.317,1.316,1.319. 
1.331,1.330,1.334,1.339.1.339,1.345.1.345.
1.341.1.340,1.330.
1271
415.420,425.438.452,467.480.487,498.505.
517,548.555.560,570.575.585,595.603,608.
614,618.625.630,638.645.650,666.670,675,
688,698.
1.534.1.537.1.546,1.547,1.547,1.547,1.547.
1 546.1.547.1.547,1.551,1.551,1.554,1.556, 
1.557,1.557,1.562,1.560,1.564.1.564.1.564 
1.565.1.564,1.564.1.566,1.5665.1.565.1.577 
1.570,1.571,1.564.1.563.
1272
414.428,440.450.472,480,494,539.518.530, 
535.550,560,570,576.584.603,610.615.620. 
536,642,647,663.668,671,697.
1.406,1.421,1.421,1.422,1.423,1.427,1.4255,
1.433,1.4358,1.4352,1.434,1.437,1.444,
1.443,1.443,1.4446.1.4575,14565,1.4565,
1.4565,1.460,1.461,1.460,1.4655,1.466,1.468, 
1.46
1273
414,428.437,447.457.480,488,492,503.
510.516.550.560.575,585,603.614.618.630,
540.653,668.682,692.
1 720 1.735,1.7675,1.736,1.733,1.730,1.727, 
1 728 1.720,1.728,1.722,1.727,1.731,1.734,
1.737J .7488,1.750,1.750,1.750,1.752,1.758, 
1.V64J.777,1.764.
St No. Absorption Peaks Peak Heights
1279 420,466,530,562.603,663,667. 0.358.0.301,0.040,0.050,0.051.150,0.142.
1280 410,420,430.440,475.480,488.495.510.515,
528,540.548.560,576.582.50,600,609.629,647.
663.682.694.
0.030.0.031.0.0338.0.0338,0.0225,0.022.0.021
0.195,0.0168,0.0168,0.016,0.0168.0.162,0.018.
0.018.0.020,0.018,0.0152,0.0122,0,0122,
0.017.0.0128,0.010.
1281 411.428.440,445.480,495.520.531,600, 
B63.694.
0.0158,0.022,0.023.0.021.0.126,0.0085, 
0.009,0.0105,0.011,0.001
1282 433,472,514.600,640.666,681. 0.0295,0.0214,0.0142,0.0142,0.0104,0.1157. 
0.011
1283 418.435.454,480.514.565,590,618,640,665,
681.695.
0.015,0.0178,0.015,0.010,0.0068,0.0087, 
0.004,0.0025,0.005,0.026,0.004
1284 415,430,473,518,596.616.663. 00.18,0.0225,0.014,0.005,0.0095,0.0028,
0.006
1285 403.416,428.438,453.465,475.505,515.552.
560.585.595,604.618.622.636.647.660.665.670.
B82,688.
1.374,1.376.1.386.1.386.1.386.1.378,1.380,
1.388,1.405.1.418,1.425.1.418.1.412,1.422,
1.417,1.414.1.1414,1.4101.1.419.1.420,1.420, 
1.416,1.416.
(Q
C
(0
<DOO
0)
$
£
3O
(A
X:
o
*■«
C0)
EO)
a
•o
c(0
M
C
*c
3
C
uO
X
*c
(0
E
c
0
(B
ou
u
O
o
(OCN
a
n
m
I -
<5
w
u>ood
■n
od
too
9 9
COlO
9
o>CO
9-
lO5d 4
CM00OCDCMd
E
da. oOJd
«D«n<od
s
d
SlO
9
COu>CM
9
<£)CMCO
9
CDr^d
oU7
CO
inCMcp CO9
lO
6z
O)COod
nCM
d
00CM
9 o9
ocnCO
9
T»o CMCMo>d
in
h-'
CDCOcp
<o
r)Oz
OJo>od
53o>CMd
o>N-
9
ir>
9
COr«-CM
9 5d
CM0)COd
CMCMCO
inCOCD
O)q
d
a>
<\jCM<09
(Oh-o CO8
9
<o
s
9
mCMo9
CON.O9
oinod
h.in
d
CMCOo
9
8
5
E
60. d
s.o COCMO9
o>COo9
CO
o9
inCO
9
COCMCMC) 59 oCD5
6z
CO
od
lo§d
ingd
NOd
(Omo
9
CO
C)
(OCMod
CMCOOd
h-od
sCM
9
6z 9
o>
9
r>
9
A CO<Mr>9
Oh-o CO59
mCOofO
9
SiCOo
d
I
o>
ir> N
9
3tn
9
r-ID
9
(OCOin9 • •
o<o
CD
COin
9
E
dQ. sd
tfi CD8d
<op §d
<£>o>O)d • ■
CMo>CMd
mCOo»d
6
z
(O
5d 1
CM
d
CO
?
(T>CMd
COCO<J>d ‘
COCMd
0)
sd
d
z
r»
d
g 00*ood
s
d
rt
d
CM(DCOd ■
o
d
<305d
d h-oCMd
CD
sd
GOr>.od
§CM
9
oCD
CM
9
oinCO
9
COCOCDo>CMd
sC»d
£
dQ. 8CM9
CM£
9
o>
o9
ft
5
CO
o9
CDCM
9
h-CMd
CO
sd
COCMCMCD 9
o
d
z
8CMd d
mtnCM9 I
o
"i»CM9*
CMC7>h-d
<ood
(D
r-CMd
sU>
9
(OCO
CM
d
z
CMOd
fe
od s9
rtCMm9
COCMCM
o
oCD
CM
o
9
oinind
OJCO
oCM
d
w
sCM
9 9
g
9
5
9
COCOod
mto(Md 9
r«-CO
<q
o<o
od
«n
«nCMd
0)um
dQ.
o><0
d
o5d
a>CMd Sd 59
o5d
O)a>ind
inCD
CO
CM
inCO
CD
CO00
t3<0 dz
s
o9
lO
CM9
r«-
d
r«.
COd
o>
r>.
o9
CM
m
C4
o
CO<£>d
(D
c\i
CO
od
cO
O
9
Ao
z
h-o>o
9 9 d
■nir>
r“
F:
d
CO O)CO
o
C3
CMCOCMd
COin
d §
- - - -
- - -
- - -
d>
a.
(Q
E
O
•Q
£
o
o
£
o O
o<usz
a.
m
CO
c\j
LO
o
d
V
CL
“5
c(0
o
■D
s .& 
iS C/D
CO
c
(0(0
o
o
(0u
CO
’5*
O
&
o
w
c0)
E0>
a
•o
c(0
w
c0)
*c
3
C
u
o
><
'C
Q
E
c
o
s(0
©w1.
o
o
NCNJ
O
2(0K
<5
w
Ifth-
9
ino CMCM
CM
d
CMh-
d
oooo
9
nin
CM
9 • ■
CMO)
d
CO
5
9
E
dQ.
NCOOJ
9
<o
c»
9
CDo>
•»#
d
CO CMd
cn
h-
■ •
CMCD
COd
<D
CMCM
dz
C'J
eg
6
■«»h- COh-
9
in
9
COin
CMd
CO
CMCOd ‘ ■
CD
COd
to
CM
d
z
rjo
9
COa>o
9 d
?ind
o>m
d
COoind • ■
00
CO
d
O)
5d
d
w
CMh.
9
2io>CVJto
r>-CM
r t
9
CMo>
' t
CO
CMin
9
inincn • •
CM
lO
o
CD
COCO
E
dD.
(D
S
9
n
CMp
CO
9
CO
9
CM
9
■<*mCO
9 • •
CM
COCO
9
CO
dZ
(O
S
o
h.cn
CMin
CM<od
CO
CMin
CM
in
CDCM
d
in
t»
d
•
■
inCOo
cp CD
dz
eg
9
CM
■o
9
<o
9
9
»n
omr^
9
h-COm
CO
•
■
in
CO
<3
in
CMh>in
d So
9 9
h.CM
d
too
d
to
o
d
o
o
d
■ '
oCOoCD
Tj-a>o
cp
E
dQ. 9
CM
U)fO
9
(O
f :
9
5)
CO
CO
CO(D
m
9 CM ■ ■
CO
5
o
5in
o
CM
dz
(D
CO
r«-
d
a>
U)
ri
o
CM
d
O)h-to
d
oin
d
OC£>
CM
csi ■ ■
(Dto
d
<j)
CMCO
CM
dz
CO
d
(Din a>oo
d
8o
d
COoo
o
CMO
9 • ■
oC3
m
o
9
d h-o
d
nino
d
9to
d
<£>in inoto
d
o
a>
CM
c> 9
CMo>CO
CD
CO
CO
E
d0. d
5 CMin
d
oCOO) (Ooin
d
inCO
COoCM
9
tom<o
9
CM
9
in
in
o
o
dz
c»CMCM
d
r-
d
r>*o
d d
CDoCD
gCM
9
h-
CMd sd
oCO
tn
o
f :CJ)
dz
CM
05(O
d
CM
O)
CM d
3to
h-
CM
d
in
o
1^
d
CO
CM
d d
oinCO
9
CMCO
d
(0
O)
N
d
r^CO
CM
r* d
oCMTj-CO sd
5to
c\i
COTf
h-d
CO
to
in
d
c^ >
CM
CD
CO
oo(0
dQ.
o
d
o
d
COCJ)od
CD
8d
CMcn
COd
o> oh-od
CM
CM
CMd od
h-
CMCMd
(0 dz d
a>
mCOd
COc» oCM
d
COCO
COd
h-
cod
CDin<3
CMTj-
COd
Oin
n
oz
r»o
d
o
d !
h-COCMd
h-
CJ>d COd
COCOCM
toO)COd
mCD
CO
d>0. So
o
o
o
S
o
(5O gQ.
CD
CD
IT)
in
o
cvi
ID
o
d
V
Q .
"(0
c
<T3
o
c g>
2 OD 
^ «
_©
XI . i £ '
te(BS
s
I
_c
iIB£
0.
I
S
e3s>
1
<D
ajnsjaduci (q/Iui)u^ X5£0
31631 IIS
a.
O"
z
§
&3
.9>
s o q j
£Q
«
I
s
cQ
^ ?
-c
a
•a
.51
'5
m •>
8
CL
d
z
CNJ
£3
-S>
CO
CD
31BUIN 31UIIN
(II
3t
1Q.
£■
£
s
Hd
a
CD
o
tois
-  8
'" ■ ■ S  s
W d
o
S
O
0ON ZON
DISCUSSIOIM
5. DISCUSSION
5.1 Spectral Signatures of Phytoplankton Cultures
The phytoplankton for this study comes from five taxonomic groups 
namely Bacillariophyta, Chlorophyta, Cyanophyta, Prasinophyte and Haptophyta. 
Each group contains a compliment of photosynthetic pigment, which results in 
characteristic in vivo absorption properties and unique spectral signatures (SooHoo 
et al, 1986). The study aimed to determine the presence of major spectral peaks in 
eight algal cultures and to identify the pigments they represent particularly by 
considering the presence of biomarkers for each taxonomic group. For the selected 
five taxonomic groups, fucoxanthin is a marker of diatoms, chlorophyll b and lutein 
are markers of chlorophytes, zeaxanthin is a marker of cyanophyta, 19 -  
hexanoyiloxanthin of praslanophytes and peridinin is a biomarker for dinoflagellates 
(Row/en, 1989; Wright et al, 1991; Andersen et al, 1996; Aguirre -  Gomez et al, 
2001). Major light harvesting pigment other than the biomarkers for each taxonomic 
group is listed in the Table 2 (Folkowski, 1980).
Many authors have carried out in vivo absorption studies by mono 
specific cultures of phytoplankton (Latimer & Rabinowitch, 1959; Yentsch, 1960; 
Duntley et al, 1974; Faust & Norris, 1982). Identification of absorption peaks was 
made possible by comparing the in vivo absorption spectra with that of published 
absorption maxima for the pigments in solution (Rablnowitch and Govindjee, 1969; 
Prezelln , 1981).
Spectral signatures for extracted pigments (in 90% acetone) and intact 
cell suspensions In media were developed separately (Fig. 2 - 17). The spectral 
characteristics of absorption by intact cells of phytoplankton have been the subject of 
various studies because of their importance in primary production, radiative transfer 
in seawater and in passive remote sensing of phytoplankton (Sathyendranath, 1987).
spectra of monocultures showed high absorption at blue (400 -  500 
nm) and red (600 -  700 nm) band whereas broad flat region in green band was 
obsen/ed (Narain ef a/., 1981). The major light absorbing pigments namely 
chlorophyll a and carotinoids were the cause for this peak variation (Aguirre -  
Gomez, et a/, 2001). Chlorophyll a has strong absorption in the blue (440 nm) and 
another in the red region (676 nm) of spectrum. Its weak absorption in 450 -  650 nm 
led to broad flat region, influence of dissolved organic matter and other pigments like 
carotenes and their oxygenated derivatives may be the other reason for this variation 
in green band. This small peaks in green region compared to those located in the 
blue and red regions have a dear biological significance (Aguirre -  Gomez, 2001).
In Chaetoceros calcitrans (Fig. 2), the biomarker fucoxanthin (465 
nm) and other major light harvesting pigments such as chlorophyll a (663 nm), 
chlorophyll Ci and chlorophyll (580 nm) were observed. All the three chlorophyte 
members Nanochloropsis salina, Chlorella marina and Dunaliella salina (Fig. 4, 6 & 
8) showed absorption peaks at 468nm and 453 nm indicating the presence of their 
biomarker chlorophyll b  along with chlorophyll a at 663 nm. Synachocystis salina 
(Fig. 10) showed the presence of phycocyanin (615 nm), biomarker of Cyanophyta 
along with its major light han/esting pigment chlorophyll a (430 nm). Spectral peaks 
at 432 nm, 663 nm and 453 nm of Tetrasemis gracilis (Fig. 12) revealed the presence 
of its biomarker Chlorophyll a and b. Presence of Chlorophyll a and C2 was shown by 
Haptophycean members - Isochrysis galbana and Dicrateria salina (Fig. 14 & 16).
Comparison between the spectral peaks of absorption by intact cells 
and acetone extracts showed, the well known shift of the red peak of Chlorophyll a 
from about 675 nm {in vivo) to 663 nm (in acetone), 619 nm as 622 nm (Table 25). 
Prezelin (1981) observed shifts in intact cell absorption peaks, which were located at 
540 nm towards the red region of the spectrum when compared with the peaks 
observed for the extracts of the same pigments in organic solvents. The main 
absorption bands of other pigments (chlorophyll b 659; chlorophyll c 630 - 635; 
carotenoids 460 -  490 nm) were also shifted towards shorter wavelengths. This could 
be due to specific absorption by living cells vary strongly with species, especially in 
the blue part of the spectrum (Bricand, e t al, 1983).
The intact cells of phytoplankton showed more peaks & low peak 
heights than that of their extracted pigments. This happened because of the optical 
signal is marked by the light absorbing and scattering properties of the cell wall and 
other cytoplasmic matrices (Aguirre -  Gomez et a i ,  2001). Duysens (1956) 
demonstrated theoretically that the absorption spectrum of particles in suspension 
appears flattened when compared with absorption by a solution of same substance in 
the same concentration (also known as package effect). He showed that the 
flattening due to the particle effect varies according to the size, shape and optical 
density of the particles. In the case of phytoplankton variation in the particle effect 
from species to species could lead to differences in absorption spectra, not only in 
absorption values but also in the form of the spectra.
5.2 Physico -  Chemical Parameters along South -  West Coast of 
India
The variation in phytoplankton concentration in the oceanic waters is a 
known phenomenon. In the ocean, the physical, chemical, and biological processes 
are linked in an intimate manner. The biological and chemical flux is to a certain 
extent due to physical force like wind, current, mixed layer depth and temperature 
(Chaturvedi et al., 1998). In the present study a gradual increase of sea surface 
temperature and salinity from Southern latitude to northern latitude was obsen/ed 
along the South - West Coast (Fig. 37 & 38). The pattern of change in temperature 
and salinity at different depths was almost similar. The effect of monsoon and influx 
of Bay of Bengal water may be the key reason for low temperature and salinity in the 
Southern latitude (Sundara Raman e ta l. 1968; Prasanna Kumar and Prasad, 1996).
The importance of elements such as phosphate, nitrate and silicate for 
the phytoplankton growth and production has been emphasized widely. The nitrate 
values showed decreasing trend with the latitudinal increase in the surface waters 
(Fig. 40). Significantly a high level of silicate was observed in the Southern latitudes. 
The highest value recorded at Station at 1262 (near Wadge bank) 6.82 m. M / 1 and 
lowest at station 1273 (Fig. 41). The high level of silicate in the southern latitudes 
could be due to river runoff. On the other hand nitrites were more in the offshore 
waters of northern latitudes than the southern counterparts (Fig. 42). Phosphate also
showed higher values in the northern latitudes than the southern counterparts. 
Increased concentration of phosphate (Fig. 43) observed may be due to land runoff 
or lower primary production.
5.3 Spectral Signature of Phytoplankton Pigments along South -  
West Coast of India
The spectral studies on the natural populations of phytoplankton along 
the southwest coast of India made during the last week of January 2003. In parallel 
with absorption measurements, samples were used for pigment analysis (Table 4 -  
15). A general trend of low chlorophyll a concentration in southern latitude (above 10“ 
N) was observed (Jadhav et al, 2000). Coastal waters showed high chlorophyll a 
concentration (Station 1262, 1263, 1266, 1267) compared to the offshore waters 
(station 1264,1265, 1268). In contrast chlorophyll c showed higher concentration in 
norlhern latitudes than their southern counterparts. Chlorophyll b showed almost 
similar values in the stations of southwest coast. On the other hand, phaeopigmerlts 
were more in the southern latitude than the northern latitude. The concentration of 
phaeopigment ranged from 14.4209-mg / m^ (Station 1263) to 3.1983 mg / m  ^
(Station 1270). High levels of phaeopigment clearly indicated the degradation of 
Chlorophyll a, which substantiated the low concentration of Chlorophyll a in the 
southern latitudes. Though positive correlation was observed between nutrients and 
pigments, significant (p < 0.05) correlation was noticed between nitrite and 
phosphate with carotenoids at surface and 50 m depth and phosphate with 
chlorophyll a at 20 m depth (Table 26).
Unlike major peaks at blue and red bands in monocultures, natural 
population showed number of peaks throughout the spectrum (Fig. 18 -  29), which 
suggested the presence of absorbing components not generally seen in algal 
cultures. Spectral analysis showed the presence of number of different markers and 
pigments along the southwest coast of India. Various field studies (Mitchell & Keifer, 
1988; Yentsch and Phinney, 1989; Bricaud and Stramski, 1990; Mitchell and Holm -  
Hansen, 1991; Babin et al, 1993) have substantiated variations in absorption peak, 
due either to taxonomic changes within the algal population (with correlative changes 
in both cell size and intracellular pigment concentration) or to photo adaptation within
the local population (including changes only in the intracellular pigment 
concentration, as a response to variations in light intensity). Laboratory experiments 
have show/n that changes in pigment package effects and differences in the 
composition of the auxiliary pigments are the primary source of variability in spectral 
absorption of phytoplankton cells. (Sathyendranath et al, 1987; Mitchell & Kiefer 
1988; Babin et al, 1993). The variation in spectral signatures was also evident in the 
composition and relative abundance of the predominant chlorophyll and accessory 
pigments (Table 28).
From the spectral signature of phytoplankton collected along the 
southwest coast of India (Table 24; Fig. 1 8 - 2 9 )  characteristic pigments were 
identified with the help of published result (Table 2 & 3) and were presented in Table 
28. This indicated the presence of different phytoplankton groups in mixed 
proportions.
Many signatures showed prominent peaks and peak heights in red 
compared to blue region. This could be due to absorbable optical properties of 
marine and coastal waters. In clear open ocean waters the blue pigment of 
chlorophyll dominates, which leads to strong absorption peaks in the blue region. In 
coastal waters many other absorption processes like absorption due to yellow 
substances (“Gelbstoff, Barnard, et a i ,  1998) from land runoff, detritus and marine 
humic materials may modify the light field by strongly absorbing in the violet and blue 
region. Hence strong absorption peaks in red band were observed.
The green region in monoculture spectra was wide with very less 
number of peaks and peak heights. Interestingly, the natural population spectra 
showed many number of peaks with moderate height. The absorption in green region 
(400 -  500 nm) suggested the presence of dissolved organic matter (Gitelson, 1992; 
Suresh et al, 1998). The pigments dominating the green region like fucoxanthin, 
butoxy fucoxanthin, chi c and diatom, green micro algae were observed in the 
phytoplankton group (Table 28).
Distribution of diatoms showed very peculiar pattern in the coast. 
Diatom presence was observed up to station 1270 and its absence was noticed from 
the station 1271 onwards. This latitudinal difference in the distribution of diatoms was 
manifested by presence of chlorophyll c, low salinity and high silicate levels in the 
southern latitudes (Table 24 & 28; Fig. 38 & 42). The northern latitudes indicated the 
presence of Cyanophyta and Chlorophyta. In addition to this, green micro alga, blue 
green algae and other accessory pigments like neoxanthin, violaxanthin butoxy 
fucoxanthins were observed in varying proportions.
Comparisons were made between spectral signatures of coastal and 
offshore waters. The broad region of excitation with the peaks at 450 and 530 nm 
distinguishes the spectral signatures of coastal waters. By contrast, the 530 nm peak 
is not pronounced in the offshore spectral signatures (Yentsch and Yentsch, 1979). 
This suggested that offshore phytoplankton population absorb light at 530 nm less 
effectively than they do in the coastal waters. The chlorophyll a content (0 at station 
1265, 1268 to 0.06786 mg / m^ at station 1269) indicated the range between 
oligotrophic to eutrophic conditions in the region.
5,4 Spectral Signatures of Noctiluca Bloom off Jamnagar (Gujarat 
Coast during the last Week of January 2003)
For several years the concern of toxic or harmful algal blooms along 
coasts have attracted more public interest as a consequence of increased 
awareness. (Pettersson et al., 2000). At 21° N, 64“ E (Station 1279) algal bloom was 
noticed (Plate 13) and subsequent water analysis confirmed Noctiluca miliaris 
presence (Plate 14). Blooms occurring during the same period have been reported 
earlier by Sreekumaran et al., (1992); Banse and English (1993) and Jadhav et a!., 
(2000). Chronologies of the bloom events suggested that, a period of low winds and 
stable water column structure preceded the bloom.
Noctiluca bloom was deduced to be due to addition of nutrients in the 
surface layers convective overturn (Prasanna Kumar and Prasad, 1996; 
Madhupratap et al., 1996). Eddies and filaments are important components of
surface circulation in this region and these mesoscale features were also responsible 
for a rapid replacement of the upwelled water through energetic offshore transport. 
Sea surface temperature was lowest (24.91" c), while nutrients showed highest levels 
in this Station. Among nutrients silicate showed very high-level i. e. 6.6 n M / I. 
Ehrlich Desa, (2000) reported that, over the shelf there was an adequate supply of 
silicate through vertical advection and its retention through nutrient trapping to 
sustain active growth of diatoms. This again confirmed the presence of Noctiluca 
miiiaris because it grazes on diatoms.
Pigment analysis showed high concentration of chlorophyll a (1.6771 
mg /  m^) in this station (Table 16). This High pigment concentration and low SST may 
be due to the winter cooling effect (Jadav et al, 2000). Statistical analysis showed 
positive relationship between all the nutrients and pigments (Table 27). Significant 
correlation observed between silicate and all the pigments at surface and 10 m depth 
supported the vertical advection of silicate in the region.
Lavender and Groom (2001) have opined that the algal blooms 
change the colour of water through absorption by pigments and scattering by cells 
and associated detrital material The spectral signature of bloom had prominent peaks 
at blue (460, 466 nm) and red (663 & 603 nm) and minor peaks at green (530 nm 
and 562 nm). The precise peaks at blue and red band and fall in green band 
indicated the predominance of single species (Fig. 30). The presence of chlorophyll c 
and fucoxanthin pigments were observed based on the spectral signature, which are 
the indicators for the presence of diatoms that in turn tells the vertical advection in the 
region.
NoctHuca miiiaris is a dinoflagellate whose spectral signature showed 
stricking similarity with spectral signatures of lab cultured flagellates Isochrysis 
gafbana and Dicrateria safina. This showed that phytoplankton pigments are 
taxonomically significant and they have unique spectral signatures that could be used 
to identify species of phytoplanklon. Few cells of Noctiluca miiiaris were observed in 
the water samples of adjacent station (1280 and 1281) and it was not traced after 
station 1282. The spectral signatures of these stations were quite different from that
of the bloom station (Fig. 31 -  36), which had more peaks indicating the presence of 
diverse forms of phytoplanl<ton groups such as green micro algae, diatoms, 
flagellates etc.
A marked shift in absorption peaks was observed between the open 
ocean station and coastal station. Except station 1285 all stations showed strong 
absorption peak in the blue band compared to red. The reason behind this shift has 
been discussed in earlier section.
The lab cultures used in the present study showed distinct spectral 
characters indicating that the various phytoplankton taxa can even be differentiated 
and identified based on their spectral signatures. The spectral signatures recorded 
for bloom station were distinctly different from those f the non blooming stations. This 
study proved to be useful in early detection and monitoring of blooms.
fable 28. Phytoplankton and their pigments observed along the west coast of 
India during Jan 2003 as gleaned from the spectral signature
St. No. Pigments observed
1262 chi a, chi c, R-carotene, butoxyl fucoxanthin, zeaxanthin, 
Phycocvanin, green micro alqae, diatoms.
1263 chi a, chi c, diatoms.
1264 chi a, chi b, chi c, chi Ci, chi C2 , fucoxanthin, neoxanthin, 
zeaxanthin, phycoerythrobilin, diatom.
1265 chi a, chi p2, butoxyl fucoxanthin, zeaxanthin, phycoerythrobilin, diatom.
1266
chi a, chi a + phaeopigment, chi b, chi c, carotenoid, 
fucoxanthin, neoxanthin, violaxanthin, zeaxanthin, green micro 
algae, diatom.
1267 chi a, zeaxanthin, chi c, chi c ,^ carotenoid, R-carotene, fucoxanthin, neoxanthin, phycocyanin, green microalqae.
1268
chi a, chi a +phaeopigment. chi b, chi c, chi c ,^ R-carotene, 
fucoxanthin, diadlnoxanthin, prasinoxanthin, violaxanthin, 
zeaxanthin, green micro algae, diatom.
1269 chi a, chi b, chi c, R-carotene, fucoxanthin, zeaxanthin, diatom.
1270
chi a, chi a + phaeopigment, chi c, chi C2, R-carotene, 
fucoxanthin, diadinoxanthin, neoxanthin, violaxanthin, 
zeaxanthin, diatom.
1271 chi a, chi c, R-carotene, fucoxanthin, neoxanthin, violaxanthin, blue green algae.
1272
chi a, chi a + phaeopigment, violaxanthin, zeaxanthin, R - 
carotene, fucoxanthin, butoxyl fucoxanthin, phycocyanin, blue 
green algae
1273
chi a, prasinoxanthin, R-carotene, zeaxanthin, green micro 
algae, fucoxanthin, phycoerythrobilin, chi c, phycocyanin, green 
micro algae, blue green algae.
1279 chi a, fucoxanthin, green micro algae.
1280 chi a, chi a + phaeopigment, R-carotene, fucoxanthin, green 
micro algae, diatoms.
1281 chi a, chi a + phaeopigment, violaxanthin, diadinoxanthin, fucoxanthin, R-carotene, diatom.
1282 chi a, fucoxanthin, diatom.
1283 chi b, R-carotene. fucoxanthin, green micro algae, diatom.
1284 chi a, neoxanthin, phycocyanin, green micro algae. Cyanophyta.
1285 chi a, chi b, chi c, neoxanthin, green micro algae.
SUMMARY
AIMO
COIMCLUSIOIM
SUMMARY AND CONCLUSIONS
Based on the fact that many of the algal accessory pigments present in 
phytoplankton are taxonomically significant and all are spectrally unique, and these 
pigments of particular teixonomic groups show difference in their absorption spectra, 
an attempt was made in the present study to develop spectral signatures of in situ 
phytoplankton populations along the west coast of India and to compare the same 
with that of the pure laboratory cultures of phytoplankton belonging to different 
taxonomic groups.
Following phytoplankton cultures belonging to five taxa, were cultured in 
the laboratory.
Bacillariophyta- Chaetoceros calcitrans 
Chlorophyta - Nannochloropsis salina 
Chlorella marina 
Dunaliella salina 
Cyanophyta - Synachocystis salina 
Prasinophyta - Tetraselmis gracilis 
Haptophyta - Isochrysis galbana 
Dicrataria inornaia
Spectral signatures were developed spectrophotometrically at the 
visible absorption range from the acetone extracted (90% v/v) as well as from intact 
cell suspensions, f^ajor pigments were identified from their absorption peaks using 
the published results.
Spectral signatures of phytoplankton pigments along the southwest 
coast during January 2003 and that of a Gujarat coast adjoining Jamnagar were 
developed. A thick bloom of Noctiluca mi/iaris was also noticed in Station no. 1279. 
The quantitative aspects of pigments, dissolved nutrients and physico-chemical 
characteristics of these regions up to the upper euphotic zone were also studied.
The spectral signature of both intact cell suspension as well as their 
extracted pigments of same taxa showed striking similarity in most of the cases and 
considerable difference between the taxa. The absorption peaks of intact cell 
suspensions had slight shifts of few nanometers from that of their acetone extracted 
pigments which was mainly believed to be due to the difference in the medium and 
interference in absorption of light by cell wall and the cytoplasmic matrices.
Low salinity, temperature and high silicate levels in the surface waters 
of southern latitude compare to northern latitudes (above 10- N) were observed in the 
southwest coast of India. A general trend of low chlorophyll a concentration in the 
southern latitudes and high chlorophyll a concentration in the northern latitudes was 
observed which was substantiated by high concentration of phaeopigments in the 
southern latitudes compare to northern latitudes.
Spectral signatures showed presence of number of pigments and 
phytopiankton groups in the southwest coast. Marked latitudinal difference in the 
distribution of diatoms was observed based on spectral signatures. In southern 
latitudes diatoms were present whereas in the northern latitudes Cyanophyta and 
Chlorophyta were observed. The spectral signature of shallow coastal stations 
differed considerably from that of the deeper stations, which could be due to the less 
absorption at 530 nm in deeper waters.
Close resemblance between spectral signatures of lab cultured 
flagellates and Noctiluca miliaris bloom off Gujarat coast was observed. The spectral 
signature of Noctiluca bloom waters differed greatly from that of the adjacent 
eastward stations of same latitude with regard to complexity and more peaks in the 
non-bloom stations indicating that bloom was due to the single group of 
phytopiankton, whereas the non-bloom stations had diverse forms of phytopiankton 
groups. The shift in absorption at red and blue region was observed when spectral 
signatures of open ocean waters and coastal waters of Gujarat were compared.
The present study indicated the possibility of identifying the 
phytoplankton group and to certain extent the major dominant phytoplankton based 
on their known biomarkers, which could be easily detected from spectral signatures.
Based on spectral signature studies, it was possible to establish the 
latitudinal difference in distribution of diatoms. The study also showed the promising 
result in identifying the bloom causing phytoplankton species based on their spectral 
signatures.
The information generated through this study can help remote sensing 
scientists to construct pigment libraries, assess the types of alga! pigments, check 
the health of the aquatic ecosystem and to monitor the toxic & nuisance blooms 
occur in a wide variety of temporal and spatial scale.
The results of the present study would very well be taken as an input in 
the development of algorithm to retrieve spatial information from the high resolution 
and multispectral sensors mounted on space platforms. However spatial and 
temporal variations in the absorption characteristics of natural phytoplankton 
population in a particular region or season need to be quantified to optimize these 
algorithms.
There is much scope for seasonal studies on absorption spectra of 
phytoplankton in Indian waters. Detailed studies on regional and seasonal 
abundance of phytoplankton and their pigment using remote sensing would lead to 
estimations of fish production potential as it is indirectly linked to primary production.
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